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Seed plants and algae have two distinct FtsZ protein families, FtsZ1 and FtsZ2, involved in plastid
division. Distinctively, seed plants and mosses contain two FtsZ2 family members (FtsZ2-1 and
FtsZ2-2) thus raising the question of the role of these FtsZ2 paralogs in plants. We show that both
FtsZ2 paralogs, in addition to being present in the stroma, are associated with the thylakoid mem-
branes and that association is developmentally regulated. We also show that several FtsZ2-1 iso-
forms are present with distinct intra-plastidial localization. Mutant analyses show that FtsZ2-1 is
essential for chloroplast division and that FtsZ2-2 plays a speciﬁc role in chloroplast morphology
and internal organisation in addition to participating in chloroplast partition.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction FtsZ1 and FtsZ2 intraplastidial localizations have been shown toAmong all known proteins involved in plastid division, FtsZ is
the most conserved, being present in the nuclear genome of all
the organisms arising from the primary endosymbiosis event [1–
6]. In seed plants, phylogenetic analyses of FtsZ protein sequences
indicate that they cluster into two different families, FtsZ1 and
FtsZ2 (Supplementary Fig. 1), the latter being more ancestral [7–
9]. The reason for such duplication at an early stage of the green
lineage development is unknown. The FtsZ1 and FtsZ2 proteins
cannot substitute for one another in vivo [10] and therefore have
speciﬁc functions in chloroplast division. Most analyzed plant spe-
cies have only one FtsZ1 protein, Physcomitrella patens being a
notable exception in lower plants with two FtsZ1 isoforms [11]
and Nicotiana tabacum, an allotetraploid plant species with two
proteins in each diploid parent species [7], is the only known
exception in higher plants. In addition to primary sequence differ-
ences suggesting a functional difference at the molecular level,chemical Societies. Published by E
itive Z
Falconet).
s & Department of Molecular
ronoff laboratory, 318W. 12th
aculty of Agriculture, Al-Azhardiffer. FtsZ1 and FtsZ2 are localized within the stroma of chloro-
plasts isolated from Arabidopsis [12,13] and spinach leaves [14]
and only FtsZ2 was found in tight association with the envelope
membranes in spinach [14]. FtsZ1 was also found to be associated
with the thylakoid membranes in Arabidopsis, and this association
is developmentally regulated [12].
In contrast, multiple FtsZ2 proteins (FtsZ2-1 and FtsZ2-2) are
present in individual land plant species and were initially shown
to cluster phylogenetically by species rather than into FtsZ2-1
and FtsZ2-2 groups [10]. However, the recent addition of new se-
quences in the databases indicates that such a classiﬁcation is
not a general rule (Fig. 1). If some FtsZ2 sequences of a given spe-
cies group together (e.g., the FtsZ2-1 and FtsZ2-2 proteins in Ara-
bidopsis and P. patens), other FtsZ2-1 and FtsZ2-2 proteins of
different species (e.g., castor oil plant, sorghum, poplar and rice)
cluster into FtsZ2-1 and FtsZ2-2 groups, suggesting that the differ-
ent FtsZ2 proteins could have specialized functions. It is notewor-
thy that this duplication of the FtsZ2 genes occurred concurrently
with the emergence of land plants since all known green algae
have only one FtsZ2 protein.
In this study, we show that the Arabidopsis FtsZ2 proteins accu-
mulate differently in plant tissues, suggesting tissue-speciﬁc func-
tions. We also show that in Arabidopsis the FtsZ2 sub-family is
more complex than previously described since several FtsZ2-1
isoforms are detected. FtsZ2-1 and FtsZ2-2, in addition to stromal
localization, are found associated with thylakoid membranes, butlsevier B.V. All rights reserved.
Fig. 1. Phylogenetic relationship of plastid FtsZ2 proteins. Phylogenetic tree showing how FtsZ2 proteins are grouped depending of the plant species. FtsZ2 proteins that
cluster with proteins of other species are highlighted with lower case letters between brackets: (a) castor oil plant, (b) sorghum, (c) poplar and (d) rice. The numbers given at
the nodes are local approximate likelihood-ratio test for branches (aLRT) [26].
Fig. 2. Differential accumulation of the FtsZ2 proteins in Arabidopsis. Immunoblots
of total proteins (40 lg each) isolated from the indicated organs were analyzed with
FtsZ1 and FtsZ2-1/FtsZ2-2 antisera. Molecular mass marker positions are given in
kDa.
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plastidial localization. We also show that chloroplast morphology
and ultrastructure are affected differently in ftsZ2-1 and ftsZ2-2
mutant plants and therefore that the gene duplication leading to
the presence of two FtsZ2 paralogs was probably an important
event for the emergence of land plants.
2. Materials and methods
Detailed procedures are given in the Supplemental data.
2.1. Phylogenetic analysis
FtsZ sequences were retrieved from the Universal Protein Re-
source (http://www.uniprot.org/) and used as input on phylog-
eny.fr platform (http://www.phylogeny.fr) for tree construction.
MUSCLE was used for multiple alignments, Gblocks for automatic
alignment curation, PhyML for tree building and TreeDyn for tree
rendering [15].
2.2. Plant material and growth
Arabidopsis, Columbia ecotype (Co), was used as wild-type (WT)
plants. The T-DNA insertion line for FtsZ2-1: SALK_134970 (ftsZ2-
1), and the two T-DNA insertion lines for FtsZ2-2: SALK_050397
(ftsZ2-2A) and SALK_054750 (ftsZ2-2B) were provided by the Euro-
pean Arabidopsis Stock Centre (NASC, Nottingham Arabidopsis Stock
Centre, University of Nottingham, Loughborough, UK).
For plant growth, seeds were stratiﬁed at 4 C for 2 days before
growth on soil at 23 C with a 16/8 h light/dark photoperiod at a
light intensity of 60 lmol m2 s1.
2.3. Protein isolation, chloroplast protein fractionation, treatments and
immunoblotting analyses
Preparation of total plant proteins extracts, puriﬁcation of sub-
plastidial fractions, treatments and immunoblotting analyses were
carried out as described previously [12].
2.4. Microscopy
Rosette leaf samples of three-week-old plants were ﬁxed,
washed, post-ﬁxed with osmium tetraoxide, dehydrated andembedded in Epon resin as described previously [12]. Sectionswere
post-stainedwith 4% uranyl acetate and 1% lead citrate before being
observed in an electron microscope at 80 kV (JEOL 1200EX).
3. Results
3.1. Differential accumulation of FtsZ2 proteins in Arabidopsis
In order to test if the FtsZ2 proteins have tissue-speciﬁc func-
tion, we have analyzed the accumulation of the proteins in differ-
ent tissues. With the exception of roots, in which FtsZ2 type
proteins are under detection level, FtsZ2 proteins were detected
in the other analyzed tissues (Fig. 2). Interestingly a relative change
in protein accumulation was observed within the FtsZ2 protein
family. If two polypeptides were clearly detected in ﬂower and ro-
sette, only the lower molecular weight polypeptide accumulated in
stem. No drastic change in the accumulation of FtsZ1 was observed
in the aerial tissues tested.
3.2. FtsZ2 type proteins are localized within the stroma, but are also
found developmentally associated with the thylakoids
We have previously shown that FtsZ1 was present in both the
stromal and the thylakoid fractions of Arabidopsis chloroplasts
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type proteins, we investigated the localization of these proteins
in Arabidopsis plants by suborganellar fractionation and Western
blotting. The stromal, thylakoid and envelope fractions were
puriﬁed from lysed chloroplasts by sucrose gradient centrifuga-
tion [16]. Blots were ﬁrst probed with the anti-FtsZ2-1/FtsZ2-2
antibody, and subsequently probed with control antisera. FtsZ2-
1/FtsZ2-2 signals co-localized with the stromal and thylakoid
controls, but not with the envelope proteins, suggesting that in
Arabidopsis FtsZ2 type proteins, like FtsZ1, localize not only in
stroma but also with thylakoid membranes (Fig. 3A). FtsZ2 type
proteins, like FtsZ1, are probably associated with one leaﬂet of
the thylakoid membrane via lipid interaction since the proteins
were not released from the thylakoids by ionic extraction but
were solubilized by alkaline extractions (Fig. 3B). The localization
with the thylakoid membranes is independent of magnesium
concentration because in presence of EDTA the proteins are still
detected in the thylakoid fraction. To determine FtsZ2 topology,
thermolysin proteolysis was performed on isolated thylakoids
(Fig. 3C). FtsZ2 type proteins were accessible to thermolysin in
the absence of EGTA, whereas the addition of EGTA inhibited
the cleavage reaction. Under such a treatment, proteins on the
stromal side of the thylakoid membrane are degradable, while
lumen proteins, being inaccessible, are protected. The result sug-
gests that the FtsZ2 proteins, as previously described for FtsZ1
[12], are located on the stromal-facing side of the thylakoid
membranes.
FtsZ1 association with the thylakoids has previously been
shown to be developmentally regulated [12]. Proteins from iso-
lated chloroplasts and subplastidial fractions were puriﬁed from
plants grown for 22, 35 and 43 days. A stronger FtsZ2-1/FtsZ2-
2 signal was observed in the thylakoid fraction compared to
the stromal fraction of plants grown for 22 days (Fig. 3D). With
plants grown for 35 days, only a faint signal was observed in
the thylakoid fraction while an unchanged signal was observed
in the stromal fraction. An FtsZ2-1/FtsZ2-2 signal is hardly de-Fig. 3. FtsZ2 type proteins are localized in the stroma and developmentally associated w
isolated from chloroplasts, stroma, thylakoids and envelopes of four-week-old plants w
OEP21 [28] antisera. The faint signal in the thylakoid fraction observed with the envelope
membranes. (B) Puriﬁed thylakoids (30 lg of proteins) were incubated for 30 min in the
analyzed by immunoblotting with either the FtsZ2-1/FtsZ2-2 or PsbB antibodies. (C) Thyl
or presence (+EGTA) of EGTA. The control (no thermolysin) proteins (thylakoid) and trea
antibody. (D) Immunoblot analysis of protein fractions (30 lg of each) isolated from chlo
FtsZ2-1/FtsZ2-2, KARI and PsbB antisera.tected in the thylakoid fraction, but still detected in the stroma
in plants grown for 43 days. The speciﬁc localization observed
with the control proteins assesses the purity of the two fractions.
The correlation between the level of FtsZ2 type proteins in the
thylakoid fraction and developmental stage of the plant analyzed
demonstrates the regulation of their localization within the
chloroplast.
3.3. FtsZ2-1 and FtsZ2-2 isoforms accumulate in the stroma and
thylakoid membranes
The FtsZ2 antibody used in this study does not discriminate
between FtsZ2-1 and FtsZ2-2, although the expected size of the
proteins is slightly different. To compare the localization of each
protein, we analyzed their localization in T-DNA insertional mu-
tants affected in the expression of FtsZ2-1 or FtsZ2-2 (Supplemen-
tary Fig. 2). Total proteins from young expanding leaves were
extracted from wild-type and mutant plants grown for 22 days
and analyzed on a high resolution gel. Three distinct bands,
which we named FtsZ2-1(i), FtsZ2-1(ii) and FtsZ2-1(iii) (Fig. 4A)
were clearly detected in the ftsZ2-2B mutant, although with dif-
ferent intensities. Only one band corresponding to the FtsZ2-2
protein was detected in the ftsZ2-1 mutant. Expression of FtsZ1
was not affected in the FtsZ2-1 and FtsZ2-2 mutant plants. To
determine the intraplastidial localization of the different FtsZ2
isoforms, we investigated their localization by suborganellar frac-
tionation and Western blotting. Under such protein separation
conditions, two distinct bands were detected in the stromal
and thylakoid fractions in the WT and ftsZ2-2B plants, and only
one major band was observed in the ftsZ2-1 plants (Fig. 4B).
The additional low intensity upper bands observed in the ftsZ2-
1 mutant are probably the result of the low expression of
FtsZ2-1 proteins in this knockdown mutant. These results indi-
cate that the FtsZ2-2 polypeptide is present in both the stromal
and thylakoid fractions and at least two FtsZ2-1 isoforms are
present in both fractions.ith the thylakoid membranes. (A) Immunoblots of protein fractions (30 lg of each)
ere analyzed with FtsZ2-1/FtsZ2-2, KARI [27], PsbB (AGRISERA, Sweden), IEP37 and
markers indicated a very low level of contamination of the thylakoids with envelope
indicated solutions and the proteins present after centrifugation in the pellet were
akoid fractions were incubated with thermolysin (100 lg ml1) in absence (EGTA)
ted thylakoid proteins were analyzed by immunoblotting with the FtsZ2-1/FtsZ2-2
roplasts, stroma and thylakoids of 22-, 35- and 43-day-old plants respectively with
Fig. 4. FtsZ2-2 and distinct FtsZ2-1 isoforms accumulate in the stroma and
thylakoids. Immunoblots of extracts of 22-day old WT and mutant plants (40 lg
each) (A) and protein fractions (30 lg of each) isolated from chloroplasts, stroma
and thylakoids of 22-day-old WT and mutant plants (B) were analyzed with the
anti-FtsZ2-1/FtsZ2-2 and anti-FtsZ1 antibodies (A) and the anti-FtsZ2-1/FtsZ2-2
antibody (B).
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2 plants
Previous characterization of the ftsZ2-1 (SALK_134970) and
ftsZ2-2 (SALK_030597, named ftsZ2-2A in this study) mutant
plants, showed that depletion of FtsZ2-1 severely impaired the
chloroplast division whereas depletion of FtsZ2-2 only had a slight
effect on chloroplast division [10]. We observed a similar pheno-
type for the new ftsZ2-2 line (SALK_054750, named ftsZ2-2B in this
study) we have characterized (Supplementary Fig. 3). Although the
absence of FtsZ2-2 is insufﬁcient to signiﬁcantly affect chloroplast
division, the additive effect observed on chloroplast division in
ftsZ2-1/ftsZ2-2B and ftsZ1/ftsZ2-2B double mutants suggests that if
FtsZ2-2 is not directly involved in chloroplast division, it may at
least help FtsZ1 and FtsZ2-1 in partitioning the chloroplast (Sup-
plementary Fig. 4).
To unravel additional functions for the FtsZ2 proteins, we
investigated the effects of FtsZ2-1 and FtsZ2-2 depletion on chlo-
roplast morphology and ultrastructure. Three-week-old rosette
leaves were ﬁxed for TEM and observed at different levels of
magniﬁcation. At this stage of development, typical chloroplasts
displaying lens-shaped structures were observed in WT plants
(Fig. 5A, D and G). These WT chloroplasts were well aligned along
the cytoplasmic membrane and contained numerous starch gran-
ules. In contrast, long chloroplasts were observed in the ftsZ2-1
line with thylakoids extending parallel to the chloroplast mains
axis as also visualized in the WT chloroplasts (Fig. 5B, E and
H). The thylakoids were well developed with stacked granal thy-
lakoids connected by stromal lamellae. Interestingly, rather
abnormal chloroplasts lacking the lens-shaped structure were ob-
served in the leaves of ftsZ2-2B (Fig. 5C, F and I) and ftsZ2-2A
plants (not shown). The ftsZ2-2 lines had chloroplasts that were
fewer in number and more variable in size than in wild-type
plants, but as expected from the confocal examination (Supple-
mentary Fig. 3), no giant chloroplasts were observed like in the
ftsZ2-1 mutant. The ftsZ2-2 chloroplasts were polymorphic and
somewhat more spherical in appearance compared with that of
wild-type and ftsZ2-1 plants of the same stage and in the same
tissue. The thylakoid orientation in the ftsZ2-2 chloroplasts ap-
peared more perturbed, although their structural organization
in grana and non-appressed regions was well conserved. Theseresults reveal a major difference in FtsZ2-1 and FtsZ2-2 functions,
with FtsZ2-1 being directly involved in chloroplast division and
FtsZ2-2 participating in chloroplast morphology.4. Discussion
FtsZ2-1 and FtsZ2-2 have previously been shown to be func-
tionally interchangeable with respect to their in vivo chloroplast
division activity, but the authors could not rule out the possibility
that they may have tissue-speciﬁc functions [10]. We show here
that FtsZ2 proteins in Arabidopsis have different accumulation
proﬁles depending on the tissues, suggesting that the FtsZ2 iso-
forms may indeed have some speciﬁc functions during plant
development.
In Arabidopsis, in addition to being present in the stroma, FtsZ1
is developmentally associated with the thylakoid membranes,
which suggests its possible involvement in thylakoid partitioning
in dividing chloroplasts as well as a function in thylakoid morphol-
ogy [12]. We show by immunoblot analyses with plastidial frac-
tions puriﬁed from WT, ftsZ2-1 and ftsZ2-2 plants that FtsZ2-1
and FtsZ2-2 are also associated with the thylakoid membranes.
This subplastidial localization for FtsZ2-1 and FtsZ2-2 is also re-
vealed by spectral counting as stored in the AT_chloro database
(http://www.grenoble.prabi.fr/at_chloro/) [17]. This association is
developmentally regulated, with a decrease in the amount of pro-
teins associated with the thylakoids that parallels leaf ageing. The
level of protein found in the stroma stays unchanged during the
same period of time. A discrepancy exists between our localization
of the FtsZ2 type proteins in Arabidopsis and the previous localiza-
tion of the proteins in spinach [14]. This divergence could be the
result of intrinsic differences between the two species and/or a
consequence of the different developmental stage and culture con-
ditions of the analysed plants.
We show for the ﬁrst time that at least three distinct FtsZ2-1
isoforms are present in Arabidopsis chloroplasts. Two isoforms
accumulate in the stroma and two isoforms are found associated
with the thylakoids. This observation suggests that one isoform is
present in both fractions and the two remaining isofoms are spe-
ciﬁc to a given fraction. These isoforms could arise from alternative
splicing of mRNA transcripts since alternative splice sites are de-
tected in the FtsZ2-1 gene using the alternative splicing visualiza-
tion tool (http://www.plantgdb.org/ASIP/). At least one splice
variant is described in locus AT2G36250 in the Arabidopsis Infor-
mation Resource (http://www.Arabidopsis.org), but since the two
variants are predicted to encode proteins of identical length and
molecular mass, the molecular mass differences observed could
arise from post-translational modiﬁcation of the isoforms. Why
distinct FtsZ2-1 isoforms are present in Arabidopsis chloroplasts
is not yet known, but their speciﬁc localization suggests that they
may have different functions. Only one FtsZ2-2 isoform is found in
the stromal and thylakoid fractions.
To unravel the functions of FtsZ2-1 and FtsZ2-2, we have
characterized the respective Arabidopsis mutant lines. As shown
in previous analyses [10,18], the mesophyll cells of the ftsZ2-1
mutant lines have larger chloroplasts with cells harbouring one
to few giant chloroplasts. The phenotype observed with plants
that do not express FtsZ2-2 is less drastic and is similar to previ-
ous observations with chloroplasts only slightly larger and fewer
in number than those in WT plants [10,18]. The slight effect ob-
served in the ftsZ2-2 line is probably the consequence of the level
of accumulation of FtsZ2-2 in the mesophyll cells, which is much
lower than that of FtsZ2-1. Implication of the FtsZ2-2 protein
function in chloroplast partitioning is revealed by the additive ef-
fect observed in chloroplast size and number in the double mu-
tants expressing only FtsZ1 or FtsZ2-1. Both FtsZ1 and FtsZ2-1
Fig. 5. Electron micrographs of rosette leaf mesophyll chloroplasts from three-week-old WT, ftsZ2-1 and ftsZ2-2B plants. (A–C) Overviews showing the chloroplast number
and morphology within the cells. Scale bars correspond to 10 lm. (D–F) Inside cell views showing the chloroplast morphology. Scale bars correspond to 5 lm. (G–L) Higher
magniﬁcations showing the thylakoid organization. Scale bars correspond to 2 lm for G–I and 1 lm for J–L.
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dependent assembly into protoﬁlaments [14,19–21] and to form
heteropolymers [20]. It is not known yet if FtsZ2-2 has the same
properties as the two other FtsZ proteins. FtsZ2-2 from N. taba-
cum did not form any ﬁlament-like structure in vitro [14], but
the presence of the transit peptide may have altered the dynamic
properties of the protein.
The morphology of the chloroplasts observed in the ftsZ2-2mu-
tants is similar to the morphology of the chloroplasts observed in
the alb4 knockdown mutant [22]. Alb4 is located in the thylakoidmembrane of Arabidopsis chloroplasts and is required for proper
chloroplast biogenesis. Our results suggest that FtsZ2-2 plays a
function in chloroplast morphology and spatial organization of
the thylakoid network. The high expression of FtsZ2-1 observed
in the ftsZ2-2mutant is not able to maintain the normal chloroplast
morphology thus demonstrating that FtsZ2-1 and FtsZ2-2 are not
interchangeable for maintaining the chloroplast shape.
We have proposed that FtsZ1 may be involved in thylakoid mor-
phogenesis [12]. Whether FtsZ1 and FtsZ2-2 act in concert in chlo-
roplast development is an interesting point that highlights speciﬁc
1208 M. Karamoko et al. / FEBS Letters 585 (2011) 1203–1208and additional functions for the green plastid FtsZ1 and FtsZ2-2
proteins. In the moss Physcomitrella patens, ﬁve FtsZ proteins
grouping in three distinct FtsZ families are present [11] (Supple-
mentary Fig. 1). The different polypeptides, with four of them
shown to be capable of interacting speciﬁcally in vivo [23] have
overlapping and multiple functions in chloroplast division, chloro-
plast and cell shaping and plant development [11,24] thus support-
ing the concept of a plastoskeleton [25]. The results presented here
show that FtsZ proteins in seed plants also have multiple functions
and support the concept of a plastoskeleton present in higher
plants. The duplication events that gave rise to the FtsZ1 family
and then to distinct FtsZ2 isoforms were probably important steps
in higher plant development. Changes in chloroplast size and mor-
phology have probably been necessary for land plant evolution,
allowing them to adjust to light conditions, optimize photosynthe-
sis yield and reduce photodamage. It is therefore conceivable than
FtsZ2 duplication was the necessary step allowing such adaptation
of land plants to their new environment with FtsZ2-1 being in-
volved in chloroplast division and FtsZ2-2 participating in chloro-
plast morphology.
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